A structure-guided drug design approach was used to optimize a novel series of aminobenzimidazoles that inhibit the essential ATPase activities of bacterial DNA gyrase and topoisomerase IV and that show potent activities against a variety of bacterial pathogens. Two such compounds, VRT-125853 and VRT-752586, were characterized for their target specificities and preferences in bacteria. In metabolite incorporation assays, VRT-125853 inhibited both DNA and RNA synthesis but had little effect on protein synthesis. Both compounds inhibited the maintenance of negative supercoils in plasmid DNA in Escherichia coli at the MIC. Sequencing of DNA corresponding to the GyrB and ParE ATP-binding regions in VRT-125853-and VRT-752586-resistant mutants revealed that their primary target in Staphylococcus aureus and Haemophilus influenzae was GyrB, whereas in Streptococcus pneumoniae it was ParE. In Enterococcus faecalis, the primary target of VRT-125853 was ParE, whereas for VRT-752586 it was GyrB. DNA transformation experiments with H. influenzae and S. aureus proved that the mutations observed in gyrB resulted in decreased susceptibilities to both compounds. Novobiocin resistance-conferring mutations in S. aureus, H. influenzae, and S. pneumoniae were found in gyrB, and these mutants showed little or no cross-resistance to VRT-125853 or VRT-752586 and vice versa. Furthermore, gyrB and parE double mutations increased the MICs of VRT-125853 and VRT-752586 significantly, providing evidence of dual targeting. Spontaneous frequencies of resistance to VRT-752586 were below detectable levels (<5.2 ؋ 10 ؊10 ) for wild-type E. faecalis but were significantly elevated for strains containing single and double target-based mutations, demonstrating that dual targeting confers low levels of resistance emergence and the maintenance of susceptibility in vitro.
The emergence of antibiotic-resistant bacteria is a growing clinical problem that can cause treatment failures, which lead to increased rates of morbidity and mortality. During the past decade there have been numerous reports on the emergence of bacteria resistant to frontline antibacterial therapies, such as vancomycin-resistant enterococci, methicillin-resistant and vancomycin-intermediate Staphylococcus aureus, and penicillin-, macrolide-, and fluoroquinolone-resistant Streptococcus pneumoniae (1, 2, 21, 22, 27, 34, 40) . While the rate of drug resistance among bacteria is on the rise, there have been very few examples of the development of structurally new classes of antibiotics with truly novel mechanisms of action that can circumvent the prevailing resistance problems (2, 46) . Linezolid and daptomycin are the only examples of such novel antibiotics that were developed in the last few decades. With recent reports of emerging resistance to linezolid (32) , there is a continued need for the discovery and development of novel antibiotics.
Bacterial DNA gyrase and topoisomerase IV (topo IV) are highly conserved type II topoisomerases that play essential roles in promoting DNA replication and transcription and are attractive targets for antibacterial drug discovery (10, 15, 30) . DNA gyrase is a heterotetramer comprising two GyrA and two GyrB subunits, whereas topo IV is a heterotetramer comprising two ParC and two ParE subunits (GrlA and GrlB, respectively, in S. aureus). DNA gyrase provides the essential function of introducing negative supercoils into DNA and regulates the superhelical state of the bacterial chromosome, while topo IV provides the decatenation function required for the segregation of daughter chromosomes after DNA replication (8, 10, 23, 48) . Both enzymes introduce double-strand breaks into DNA, and ATP hydrolysis provides the energy needed for the strand passage and resealing reactions (5) . The fluoroquinolones target the GyrA subunit of gyrase and/or the ParC subunit of topo IV and act by trapping the enzyme-DNA complex in the double-strand break stage, resulting in DNA synthesis arrest (10) . While the bactericidal activities of the fluoroquinolones are thought to be a consequence of the release of double-strand breaks from these enzyme-DNA complexes, the situation is more complex and not completely understood (6, 11, 38, 49) . The essentiality and evolutionary conservation of gyrase and topo IV in bacteria impart broad-spectrum antibacterial activity to the fluoroquinolones (15, 30) .
The essential ATPase activity of gyrase (a function of the GyrB subunit) and topo IV (a function of the ParE subunit) that is required for the strand-passage reaction is an attractive but relatively less exploited target for antibacterial drug discovery. The coumarin class of antibiotics, represented by novobiocin, exhibit antibacterial activity via inhibition of gyrase and, to a lesser extent, topo IV ATPase activities (3, 13, 30, 31, 44) . However, their use has been limited due to poor antibacterial spectrum, rapid resistance development, and mammalian toxicities (29) . By using a structure-guided drug design approach, a novel series of compounds belonging to the aminobenzimidazole class were optimized to inhibit bacterial gyrase and topo IV ATPase activities. VRT-125853 and VRT-752586 ( Fig. 1) are representatives of this class of antibacterials that exhibit broad-spectrum antibacterial activities against both susceptible and multidrug-resistant clinical isolates; in addition, the frequencies of spontaneous resistance to these antibacterials in vitro are low, consistent with their novel dual-targeting mechanisms of action (28) . Here we present genetic, biochemical, and physiological data that demonstrate their mechanisms of action against Escherichia coli, S. aureus, S. pneumoniae, Enterococcus faecalis, and Haemophilus influenzae and confirm their in vitro dual-targeting activities, as defined by effective inhibition of both gyrase and topo IV at biologically relevant concentrations. We also show that in the case of E. faecalis, balanced dual targeting of gyrase and topo IV appears to be responsible for low rates of the spontaneous emergence of resistance in vitro at concentrations near the MIC.
MATERIALS AND METHODS
Bacterial strains and growth media. S. aureus ATCC 29213, S. pneumoniae R6 (ATCC/BAA-255), E. faecalis ATCC 29212, and H. influenzae ATCC 51907 were obtained from the American Type Culture Collection (Manassas, VA). E. coli tolC strain CAG 12184, used for plasmid supercoiling assays, was from the Coli Genetic Stock Center (New Haven, CT). Routinely, liquid cultures of E. coli and S. aureus were grown in cation-adjusted Mueller Hinton broth (caMHB; Fisher Scientific, Hampton, NH), S. pneumoniae was grown in caMHB containing laked horse blood (Quad Five, Ryegate, MT) at a final concentration of 3%, and H. influenzae was grown in haemophilus test medium (HTM) (33) . Solid medium for E. coli, S. aureus, and H. influenzae was prepared by adding Bacto agar to a final concentration of 1.5%. Brain heart infusion (BHI; Difco; Fisher Scientific, Hampton, NH) medium containing Bacto agar at a final concentration of 1.5% and either fresh defibrinated sheep blood (Bioreclamation, Inc., Hicksville, NY) or laked horse blood at a final concentration of 5% was added for the growth of S. pneumoniae and E. faecalis, respectively, on solid medium. VRT-125853 and VRT-752586 were synthesized at Vertex Pharmaceuticals Incorporated (Cambridge, MA). Ciprofloxacin was obtained from US Biological (Swampscott, MA). Other antibiotics were obtained from Sigma Chemical Co. (St. Louis, MO). Antibiotics or compounds were initially dissolved in 100% dimethyl sulfoxide (DMSO) at 25.6 mg/ml and were added to the growth medium as indicated. The final concentration of DMSO in all cultures was Յ0.5%.
Determination of MICs.
MICs were determined by the methods described by the Clinical and Laboratory Standards Institute (formerly the NCCLS) guidelines (33) . The S. aureus, S. pneumoniae, E. faecalis, and H. influenzae strains were grown on appropriate solid growth medium as described above with or without appropriate antibiotics or compounds and were incubated overnight at 35°C. The test compounds were serially diluted in 100% DMSO at a 200ϫ concentration and then diluted 1:200 into medium, resulting in a final concentration of 0.5% DMSO. Inocula were prepared by using the BBL Prompt system (Becton Dickinson, Cockeysville, MD), according to the manufacturer's directions. MIC assay plates were incubated at 35°C for 18 to 20 h and were visually scored by using a test-reading mirror. A twofold variation in the MIC was considered within the error of the assay.
In vivo plasmid DNA supercoiling assay. E. coli tolC strain CAG 12184 carrying plasmid pUC18 (47) was grown at 37°C in a 250-ml shake flask in caMHB medium containing 100 g/ml ampicillin to an optical density at 600 nm of ϳ0.5. Two milliliter of cells was then distributed into multiple tubes, and drug or compound was added to create a twofold dilution series that spanned the MICs of the respective compounds. The tubes were further incubated at 37°C with shaking for 1 h. Plasmid DNA was isolated from compound-treated cells by using a plasmid miniprep kit (QIAGEN, Valencia, CA), according to the manufacturer's instructions. The DNA was recovered with 100 l of double-distilled H 2 O, concentrated fivefold in a Speedvac (Savant Instruments Inc., Holbrook, NY), and electrophoresed along with supercoiled DNA size markers (Sigma Chemical Co.) on a 1% Tris-borate-EDTA (TBE)-agarose gel at 45 V/cm for ϳ16 h. After electrophoresis, the gel was stained with ethidium bromide and photographed by standard procedures (41) .
Macromolecular synthesis assays. 3 H-amino acid mixture incorporation) in S. aureus in the presence of compounds was essentially performed by the method described previously (16) , with the following specifics. Log-phase cells of S. aureus ATCC 29213 were exposed to 5ϫ the MICs of the respective compounds. All treatments were performed in duplicate. DNA and RNA synthesis was carried out in the presence of compounds for 15 min, while protein synthesis was carried out for 25 min before the reactions were stopped by addition of 10% trichloroacetic acid. The level of incorporation of the radioactive precursors in the absence of any compound was considered 100%, and the relative level of incorporation in the presence of compounds was calculated as a percentage of that for the untreated control.
Isolation of resistant mutants, DNA isolation, PCR amplification, and DNA sequencing. Mutants of S. aureus, S. pneumoniae, and H. influenzae resistant to VRT-125853, VRT-752586, and novobiocin were isolated by plating ϳ10 9 to 10 10 cells on the appropriate solid medium containing compounds at either 2ϫ, 4ϫ, or 8ϫ their respective MICs. In the case of E. faecalis, no mutant arose at the lowest concentration tested of 2ϫ the MIC for VRT-125853, VRT-752586, or novobiocin; and therefore, a serial passaging approach was used to isolate resistant mutants of these organisms. Mutants selected at the highest concentration of the compound were plated onto the same selection medium to reconfirm the resistant phenotype. Double mutants of S. aureus, S. pneumoniae, and E. faecalis with sequence-verified mutations in both gyrB and parE, selected in other studies in our laboratory, were used as tools to probe the secondary target interaction of VRT-125853 and VRT-752586. In order to isolate genomic DNA, the resistant mutants of S. aureus, H. influenzae, and E. faecalis were grown overnight in the appropriate liquid growth medium containing compounds at 2ϫ to 4ϫ the wild-type MICs to ensure the presence of the mutation in the isolated DNA. Cells were collected by centrifugation, and genomic DNA was isolated by standard procedures (41) . For S. pneumoniae, the mutant strains were grown on BHI agar medium containing 5% defibrinated sheep blood and selective concentrations of the compound. The plates were incubated overnight at 37°C in a humidified 5% CO 2 incubator, and on the following day the cells were scraped from the surface of the agar plates and washed with 0.2 ml BHI medium. Cells were recovered by centrifugation, and genomic DNA was isolated by using a QIAamp DNA isolation kit (QIAGEN), according to the manufacturer's instructions.
Genomic DNA preparations were used as templates to amplify the gyrB and parE ATP-binding regions from the wild type and mutants by PCR with the primer pairs listed in Table 1 . The PCR amplification was carried for 35 cycles with denaturation at 95°C for 1 min, annealing at 40 to 50°C for 1 min, and extension with Taq DNA polymerase (Stratagene, La Jolla, CA) at 72°C for 1 min. The PCR products were electrophoresed on 1% TBE-agarose gels containing ethidium bromide, excised and purified with a gel extraction kit (QIAGEN), and sequenced by standard automated sequencing methods to determine the mutations.
FIG. 1. Chemical structures of dual-targeting aminobenzimidazoles.
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DNA transformations. E. coli was used as a cloning host for the construction of S. aureus shuttle plasmids. The S. aureus gyrB open reading frame, including the native promoter, was amplified from the genomic DNA of the mutant strains by PCR with the following oligonucleotides: 5Ј-ggatccGAAGTTGGGGAATA TCCCATCTTATT-3Ј containing an engineered BamHI site (lowercase and underlined) and 5Ј-ggtaccTCCTTCAAAAGTTCAGTTCACAGCGC-3Ј with an engineered KpnI site (lowercase and underlined). The PCR products were cloned into plasmid pCR 2.1 (Invitrogen, Carlsbad, CA), and the DNA sequence was confirmed by standard automated sequencing methods. The gyrB BamHI and KpnI fragment was subcloned into the corresponding sites in plasmid pUC18 (47) . The resulting plasmid was digested with HindIII and ligated to HindIIIdigested plasmid pC194 (4) to form the E. coli/S. aureus shuttle plasmids (see Table 3 ). The shuttle plasmids were transformed into S. aureus RN4220, a restriction-deficient strain (24) , by electroporation (43) . Plasmids isolated from RN4220 were used to transform S. aureus ATCC 29213 by electroporation, as described above. S. aureus and Escherichia coli were grown at 37°C in LuriaBertani (LB) broth or were plated on LB agar with the appropriate antibiotics for plasmid selection or maintenance (chloramphenicol at 10 g/ml for S. aureus; ampicillin at 100 g/ml for E. coli).
H. influenzae ATCC 51907 competent cells were prepared by the method described previously (39) . For the H. influenzae transformation experiments, frozen competent cells were thawed to room temperature, centrifuged to remove the storage medium, and suspended in the same volume of MIV (m-four) medium (39) . Approximately ϳ300 ng of DNA (gel-purified PCR product) was added to 0.25 ml of competent cell preparation, and the cells were mixed and incubated in a 37°C incubator for 30 min. At the end of incubation period the cells were plated on HTM agar plates containing the selective concentration of the compound. The plates were incubated in a 37°C incubator for 48 to 72 h and compound-resistant colonies were counted. Competent cells with no DNA added or PCR product from wild-type cells added served as the background controls.
Determination of spontaneous resistance frequencies. Wild-type and sequence-verified E. faecalis mutant strains were grown and plated as described previously (28) . Resistance frequencies were minimally determined in duplicate with two independently inoculated cultures and (see Table 4 for representative results). E. faecalis wild-type and mutant cultures were grown to late log phase (approximately 10 8 to 10 9 CFU/ml) at 37°C, concentrated 10-fold by low-speed centrifugation, and plated on selection plates. Plates were prepared by adding an appropriate dilution of VRT-752586 in 100% DMSO to MHB agar with 5% laked horse blood, and agar was poured into sterile polystyrene petri plates (150 by 15 mm). The final DMSO concentration was Ͻ0.1%. A sample of the inoculum was serially diluted to confirm the starting number of CFU. The plates were incubated at 35°C for a minimum of 3 days before the colonies were counted. The resistance frequency was calculated as the number of compound-resistant colonies divided by the total number of CFU plated. 3 H-amino acid) was evaluated with S. aureus ATCC 29213 and compared with the effects of antibiotics that preferentially target specific pathways (ciprofloxacin, novobiocin, erythromycin, rifampin, and gramicidin D) (Fig. 2 ). VRT-125853 had a pronounced effect on DNA synthesis (ϳ80% inhibition), as expected for DNA gyrase inhibitors ( Fig. 2A) , while the effect on RNA (Fig. 2B ) and protein synthesis (Fig. 2C ) was modest (ϳ20 to 40% inhibition). The inhibition profile for VRT-125853 was most similar to that for novobiocin, which also inhibits GyrB ATPase activity in S. aureus. As expected, ciprofloxacin, an inhibitor of the other subunits of gyrase (GyrA) and topo IV (ParC), showed specific inhibition of DNA synthesis and no inhibition of RNA or protein synthesis. Erythromycin showed a specific effect on protein synthesis, consistent with its mechanism of action. Both rifampin and gramicidin D also showed the expected inhibition profiles: rifampin inhibited RNA and protein synthesis, whereas gramicidin D, a membrane-active agent, showed nonspecific inhibition of DNA, RNA, and protein synthesis.
RESULTS

VRT-125853 inhibits
VRT-125853 and VRT-752586 cause a reduction in steadystate levels of plasmid supercoiling in E. coli. VRT-125853 and VRT-752586 are potent inhibitors of both E. coli and S. aureus gyrase and topo IV in enzyme assays (28) . In order to demonstrate that this potent inhibition in vitro translated into inhibition of gyrase and topo IV inside bacterial cells, we tested the effects of VRT-125853 and VRT-752586 on the steady-state levels of plasmid supercoiling in E. coli. Since these compounds were found to be effluxed from wild-type E. coli (28) , it was necessary to use an efflux-deficient strain (tolC mutant) to detect the effects of compound in E. coli cells. Both VRT-125853 and VRT-752586 reduced the steady-state levels of supercoiled plasmid pUC18, as evidenced by a decrease in the negatively supercoiled DNA band and a concomitant increase in plasmid topoisomers with reduced negative supercoils (laddering effect), in a manner dependent on the concentration of the compound present in the growth medium (Fig. 3) . As expected, a similar effect on plasmid supercoiling was also observed in the case of novobiocin, a known inhibitor of GyrB ATPase activity (Fig. 3) .
Mutations conferring resistance to VRT-125853 and VRT-752586 are found in DNA sequences encoding the N-terminal region of GyrB or ParE. DNA sequencing of gyrB and parE regions encoding the ATP-binding site of first-step mutants resistant to VRT-125853 and VRT-752586 of S. aureus, S. pneumoniae, H. influenzae, and E. faecalis revealed single point mutations that caused specific amino acid substitutions in the resistant variants. VRT-125853 and VRT-752586 resistanceconferring mutations were all located in gyrB in S. aureus and H. influenzae, whereas they were all located in parE in S. pneumoniae. Interestingly, in the case of E. faecalis, the primary target of VRT-125853 was found to be ParE, whereas for VRT-752586 it was found to be GyrB. On the other hand, S. aureus, H. influenzae, and S. pneumoniae selected on novobiocin showed mutations in their gyrB genes.
One of the VRT-125853 and VRT-752586 resistance-conferring mutations common to all four bacteria studied corresponded to T165 of GyrB or T163 of ParE (E. coli numbering), a highly conserved residue among bacterial GyrB and ParE proteins and implicated in novobiocin resistance (44) . The novobiocin-selected mutation in S. pneumoniae encoding a S127L substitution in GyrB corresponds to GyrB-V120/ParE-I116 residues in E. coli and has been reported previously (31) . The novobiocin-selected mutations in gyrB of S. aureus (encoding R144) and H. influenzae (encoding R140), corresponding to R136 encoded by E. coli gyrB, has also been implicated in conferring high-level resistance to novobiocin in other bacteria (9, 17, 42, 44) .
VRT-125853-and VRT-752586-resistant mutants show differential patterns of cross-resistance to novobiocin. The MICs of the wild types and the resistant mutants of S. aureus, S. pneumoniae, E. faecalis, and H. influenzae isolated with VRT-125853, VRT-752586, and novobiocin were determined as described in Materials and Methods and are shown in Table 2 . S. aureus gyrB mutants (encoding the T173N and T173I substitutions) isolated under selection with VRT-125853 and VRT-752586 showed resistance to both compounds, as expected; however, they showed differential sensitivities to novobiocin (Table 2) . While the gyrB mutation encoding a T173N substitution caused only a twofold increase in the MIC of novobiocin compared to that for the wild-type parent, the gyrB mutation encoding the T173I substitution increased the MIC of novobiocin by eightfold. In contrast, the novobiocin resistance-conferring gyrB mutation encoding a R144I substitution increased the MIC of novobiocin 64-fold over that for the wild-type strain but caused only 2-fold increases in the MICs of VRT-125853 and VRT-752586.
As shown in Table 2 , the S. pneumoniae novobiocin resistance-conferring gyrB mutation encoding the S127L substitution increased the MIC of novobiocin 16-fold over that for the wild-type strain but did not increase the MICs of VRT-125853 and VRT-752586. In contrast, strains with parE mutations isolated with VRT-125853 and VRT-752586, which encoded a T172A or T172I substitution, showed resistance to both compounds, as expected, but the mutations did not increase the MICs of novobiocin.
As shown in Table 2 , the E. faecalis VRT-125853 resistanceconferring mutation (parE encoding a T169A substitution) in- creased the MIC of VRT-125853 by eightfold but caused only a twofold increase in the MIC of VRT-752586. However, gyrB mutations encoding T167I or T167A substitutions, isolated with VRT-752586, had only a modest effect on the MICs of both VRT-125853 and VRT-752586. The effects of these gyrB single mutations on novobiocin MICs were also small (in the two-to fourfold range). As shown in Table 2 , the novobiocin-resistant strains of H. influenzae carrying gyrB mutations encoding the R140C, R140H, or R140L substitution had novobiocin MICs that were In all of the cases described above, the MICs of ciprofloxacin, which targets the GyrA and ParC subunits of gyrase or topo IV, respectively, were unaffected by gyrB or parE mutations selected by VRT-125853, VRT-752586, and novobiocin ( Table 2 ). The MICs of ethidium bromide for these mutants were comparable to those for their wild-type parents, ruling out the presence of general efflux mechanisms (data not shown). Similarly, no significant effects on the MICs of other, mechanistically unrelated antibiotics, such as ampicillin (S. pneumoniae) or vancomycin and linezolid (S. aureus and E. faecalis), were observed for strains carrying the gyrB and/or parE mutation mentioned above (data not shown).
Genetic evidence that GyrB ATP-binding site mutations confer resistance to VRT-125853 and VRT-752586. In order to confirm that the mutations observed in the DNA sequences encoding the ATP-binding site of GyrB or ParE were the only mutations present in the full-length genes, we determined the DNA sequences of the entire gyrB and parE genes from the S. aureus, S. pneumoniae, E. faecalis, and H. influenzae compound-resistant strains. No other mutations outside of the ATP-binding regions were detected. In order to demonstrate unambiguously that the mutations observed in the gyrB DNA sequence encoding the ATP-binding site were responsible for the corresponding resistance phenotypes, DNA transformation experiments were performed with S. aureus and H. influenzae.
The full-length gyrB genes of the S. aureus wild-type and the gyrB mutant strains were subcloned with the native promoter into an E. coli-S. aureus shuttle vector and reintroduced into an S. aureus wild-type background. The compound MICs for the S. aureus wild-type and gyrB mutant strains selected with VRT-125853, VRT-752586, and novobiocin were compared with those for the S. aureus wild-type strains carrying plasmids expressing either the wild-type or mutant gyrB alleles (Table 3) . Introduction of a plasmid carrying the wild-type gyrB allele into the wild-type parent strain did not alter the MICs of VRT-125853, VRT-752586, novobiocin, or ciprofloxacin. However, when a plasmid expressing a mutant gyrB allele encoding either a T173N or T173I substitution was introduced into a wild-type S. aureus background, the MICs of VRT-125853 and VRT-752586 increased by the same magnitude as that for S. aureus carrying the corresponding mutations in the chromosome (Table 3). These results confirmed that the T173N and T173I mutations in gyrB are responsible for decreased susceptibility to VRT-125853 and VRT-752586 in S. aureus. Similar results were obtained for the novobiocin resistance-conferring mutation in gyrB encoding the R144I substitution, thereby linking this mutation to the novobiocin resistance phenotype in S. aureus.
We used the natural transformation ability of H. influenzae to carry out allele replacement experiments to unambiguously demonstrate the role of chromosomal mutations in gyrB in conferring resistance to the compound used for its selection. DNA fragments of gyrB carrying different mutations were amplified from the chromosome of the VRT-125853-resistant mutant (encoding the T169I substitution) and the novobiocinresistant mutants (encoding R140C, R140H, or R140L) by PCR, and the purified DNA fragments were transformed into wild-type H. influenzae. Transformants were plated on HTM agar plates containing 8ϫ the MIC for VRT-125853 or novobiocin for the wild type. As shown in Table 3 , transformants receiving DNA fragments carrying the VRT-125853 resistanceconferring mutation, gyrB encoding the T169I substitution, were resistant to VRT-125853. Similarly, transformants receiving DNA fragments carrying novobiocin resistance-conferring mutations, gyrB encoding the R140C, R140H, or R140L substitution, were resistant to novobiocin. In contrast, a DNA fragment containing the wild-type gyrB sequence resulted in no transformants that could grow in the presence of VRT-125853 or novobiocin. Dual targeting of GyrB and ParE by VRT-125853 and VRT-752586. The abilities of VRT-125853 and VRT-752586 to inhibit both GyrB and ParE (i.e., dual targeting) in cells were demonstrated by using sequence-verified mutants of S. aureus, S. pneumoniae, and E. faecalis with double mutations which were isolated during other studies in our laboratory. Mutants with double mutations of S. aureus (encoding the GyrB-T173N and ParE-T166A or GyrB-T173I and ParE-T166A substitutions), S. pneumoniae (encoding the GyrBT172A and ParE-T172A substitutions), and E. faecalis (encoding the GyrB-T167I and ParE-T169A and the GyrB-T167A and ParE-T169A substitutions) showed significant increases in their MICs of VRT-125853 and VRT-752586 compared to the MICs for their wild-type strains and the mutants with single gyrB or parE mutations, thereby providing strong evidence that these compounds interact with both targets in living cells (Table 2) . On the other hand, the novobiocin MICs for these mutants with double mutations either were comparable to those for gyrB mutants with single mutations or in some cases cross-resistance was observed, consistent with its differential target interactions and preferences in these three bacteria.
Dual targeting of gyrase and topo IV leads to lower spontaneous resistance frequencies. The spontaneous frequencies of resistance of E. faecalis mutants with single gyrB and parE mutations and mutants with sequence-verified double mutations were determined for VRT-752586 at 2ϫ, 4ϫ, and 8ϫ the MIC to demonstrate that effective dual targeting at biologically relevant compound concentrations leads to low frequencies of resistance in the wild-type parent in vitro. Representative values from at least two independent experiments with each strain are presented in Table 4 . At all concentrations of VRT-752586 tested, the mutants with single and double gyrB and parE mutations showed elevated frequencies of resistance compared to that of the wild-type parent (Table 4) .
DISCUSSION
VRT-125853 and VRT-752586 (Fig. 1) are two new aminobenzimidazoles that display potent antibacterial activities, to which resistance emerges at low frequencies in vitro, and that are bactericidal against gram-positive and some gram-negative bacteria (28) . Structurally, VRT-125853 carries a 5-(-2-methoxypyrimidin-5-yl) substituent and a 6-methoxy substituent on the aminobenzimidazole urea core scaffold, whereas VRT-752586 carries a 5-(-3-pyridine) substitution and a 7-(-3-fluoropyridin-2-yl) substitution on the aminobenzimidazole urea core scaffold. While both VRT-125853 and VRT-752586 showed potent inhibition of E. coli and S. aureus gyrase and topo IV enzymes, the latter compound was especially more potent (at least 30-fold better) against topo IV (28) . We believe that the superior enzyme inhibition activity of VRT-752586 contributes to its improved antibacterial activity (28) .
Gyrase uses ATP hydrolysis to introduce negative supercoils into DNA and in doing so facilitates the movement of replication and transcription complexes on DNA (10) . Similarly, topo IV uses the energy from ATP hydrolysis to decatenate DNA catenanes and also contributes to DNA relaxation (48) . Consistent with these critical roles, addition of VRT-125853, an inhibitor of the ATPase activities of gyrase and topo IV, to S. aureus cells reduced the level of incorporation of [ 3 H]thymidine into DNA by ϳ80%, indicating an arrest of DNA synthesis (Fig. 2) . The overall effect of VRT-125853 on the metabolism of S. aureus was comparable to that of novobiocin, consistent with the similarities in their mechanisms of action.
In plasmid supercoiling assays with E. coli, both VRT-125853 and VRT-752586 reduced the steady-state levels of negatively supercoiled plasmid DNA in a dose-dependent manner. The maximal reduction in the negatively supercoiled plasmid DNA band coincided with the MICs of VRT-125853 and VRT-752586 for the E. coli tolC strain (Fig. 3) , consistent with a gyrase-mediated inhibition of growth. Novobiocin showed a similar effect, although in this case the maximal reduction of supercoiled plasmid DNA band occurred at four times the MIC of novobiocin. Moreover, in these experiments, VRT-125853, VRT-752586, and novobiocin each produced slightly different DNA banding patterns at concentrations greater than the MIC. At higher concentrations of both the aminobenzimidazoles and novobiocin, a reappearance of the rapidly migrating band was noted. This may have been due to compound insolubility or the secondary effects of the compounds. Further characterization of the differences observed between the aminobenzimidazole compounds and novobiocin, as well as the significance of the rapidly migrating band, will be addressed in future studies.
VRT-125853 and VRT-752586 showed interesting patterns of target preference in S. aureus, S. pneumoniae, E. faecalis, and H. influenzae. In S. aureus and H. influenzae, both compounds selected for first-step mutations in gyrB, whereas in S. pneumoniae both compounds selected for first-step mutations in parE. In E. faecalis, however, the primary target specificities for VRT-125853 (ParE) and VRT-752586 (GyrB) differed, suggesting that both differences in the inhibitor structure and differences in the ATP-binding site structure influence the target preference. Such differences in target preference have been well documented among the fluoroquinolones that target the GyrA and ParC subunits of gyrase and topo IV, respectively. For example, ciprofloxacin primarily targets GyrA in E. coli (7) , whereas its primary target in S. aureus has been shown to be ParC (35) . Some of the newer fluoroquinolones, such as sparfloxacin and moxifloxacin, target GyrA in S. pneumoniae (26, 36) and S. aureus (12) . In the case of moxifloxacin, some reports show that the primary target in S. aureus is ParC (20) . Gemifloxacin, on the other hand, has been reported to target ParC in S. aureus, while its primary target in S. pneumoniae is GyrA (14, 19) .
Analysis of VRT-125853 and VRT-752586 with S. aureus, S. (Table 2) . VRT-752586 is ϳ64-fold more potent than VRT-125853 against S. aureus (Table 2 ). This is consistent with the superior activity of VRT-752586 against both the gyrase and the topo IV enzymes (28) , supporting the idea that improved potency against the two enzymes could also be contributing to improved potency against S. aureus. A comparison of the MICs of VRT-125853 and VRT-752586 for S. pneumoniae, E. faecalis, and H. influenzae also suggests that a similar correlation exists. However, currently we do not have the supporting enzyme activity data for these three bacterial enzymes. The coumarin antibiotic novobiocin has been well characterized with respect to its mode of interaction with the E. coli GyrB and ParE ATP-binding sites (3, 25) . Biochemical, genetic, and crystallographic studies implicate R136 of GyrB (E. coli numbering) in novobiocin binding; and mutations in this residue have been shown to decrease the affinity of novobiocin to gyrase and confer novobiocin resistance to bacteria carrying these mutations (9, 13, 44) . A comparison of novobiocin-resistant mutants carrying a mutation in the corresponding amino acid residue of S. aureus GyrB (R144I substitution) and H. influenzae GyrB (R140C, R140H, or R140L substitutions) showed that while these mutations increased the MIC of novobiocin significantly above that for the wild-type strain, little or no effect on the MICs of VRT-125853 or VRT-752586 was observed (Table 2) . Similar results were observed with a novobiocin-resistant S. pneumoniae mutant carrying an S127L mutation in GyrB. This mutation is known to confer high-level novobiocin resistance in this bacterium, but the MICs of VRT-125853 and VRT-752586 were comparable to that for the wildtype parent. These results suggest that while novobiocin derives much of its binding energy from an interaction with these residues, VRT-125853 and VRT-752586 interact quite differently with the ATP-binding region of GyrB, a feature engineered by structure-guided drug design.
The T165 residue (E. coli GyrB numbering) in the ATPbinding site is a highly conserved amino acid in both GyrB and ParE from diverse bacteria. It plays a key role in ATP binding by coordinating a conserved water molecule via its side chain hydroxyl group and the N-7 nitrogen in the adenine ring, creating a tight hydrogen bond network (13, 25) . Site-directed mutagenesis of the E. coli GyrB showed that a T165A amino acid substitution causes an approximately fivefold increase in the K m for ATP, while it still retains sufficient catalytic activity to complement a gyrB temperature-sensitive mutant of E. coli (13) . S. aureus, S. pneumoniae, E. faecalis, and H. influenzae strains carrying gyrB or parE mutations encoding amino acid replacements in the threonine corresponding to T165 of E. coli GyrB all had significantly elevated MICs over those for the wild-type parent for both VRT-125853 and VRT-752586 (Table 2). This result is consistent with structural data indicating that the T165 residue (E. coli GyrB numbering) is involved in an extensive hydrogen bond network involving D73 (E. coli GyrB numbering), the aminobenzimidazole urea core of VRT-125853 or VRT-752586, and a highly conserved water ( Fig. 4 ; unpublished crystallographic data).
Dual targeting of two essential bacterial proteins is expected to reduce the emergence of resistance at compound concentrations where both targets are similarly inhibited. New, more potent quinolones that equipotently target gyrase and topo IV show improved MICs and to which organisms show reduced frequencies of resistance in vitro (18, 37, 45) . Consistent with this idea, the frequency of resistance emergence in E. faecalis was found to be low at concentrations near the MIC in a wild-type strain but significantly elevated in strains that carried either single or double mutations in gyrB and parE (Table 4) . Presumably, the individual target-based mutations create an imbalance in the dual targeting of gyrase and topo IV, allowing resistance to be more readily selected for. The significant increase in MICs, accompanied by mutations in both gyrB and parE (Table 2 ) and low frequencies of resistance development, underscores the benefits of the dual targeting activity of an antibiotic.
In summary, our data demonstrate that VRT-125853 and VRT-752586 possess dual targeting activities in S. aureus, E. faecalis, and S. pneumoniae. Dual inhibition of GyrB and ParE translated into potent antibacterial activities and low frequencies of resistance development at biologically relevant concentrations in vitro, two properties that are expected to prolong the life of an antibiotic in the clinic. Both compounds were shown to be active against broad panels of susceptible and multidrug-resistant gram-positive bacteria and select gramnegative bacteria, especially those involved in causing respiratory infections (28) . Since antibiotics targeting GyrB/ParE ATPase activity are not currently used in the clinic, these compounds are not expected to face the problem of cross-resistance that newer, other antibiotic classes encounter. VRT-125853 and VRT-752586 represent a novel class of dual-targeting compounds with the potential to evolve as a therapeutically useful class of antibacterial agents.
